The influence of temperature, contractures, and Ca 2 + on the processes of healing over and muscle contraction was investigated in toad myocardium by simultaneously measuring the size of the injury potential and the twitch tension. Stimulation with single pulses and electrically induced contractures of short duration (2-3 seconds) markedly increased the rate of healing, and epinephrine (10" 6 g/ml) increased the effectiveness of stimulation. Other results supported the view that the healing process was largely dependent on temperature, since at 15°C or 10°C the rate of healing over was greatly reduced. The effect of temperature was probably related to a reduction in Ca 2 + uptake. A possible change in junctional conductance produced by low temperature probably was not the reason for the decrease in rate of healing. Strontium, which replaces Ca 2+ in the mechanical process, was also a good substitute for Ca 2+ in healing over. The results stress the parallelism between the healing process and the contractile process in heart muscle.
• The rate of healing in heart muscle fibers is increased by stimulation (1) . This change in healing over is largely dependent on the extracellular [Ca 2+ ] and is enhanced in lowsodium solutions, in which the uptake of Ca 2 + and the strength of heart contractions are increased (2) . Measured Ca 2+ influx in beating heart fibers is 10-20 times larger than that in quiescent muscles (2) . Also, the uptake of Ca 2+ associated with stimulation is greater when the external [Ca 2 + ] is elevated (2, 3) .
Two hypotheses have been presented (1) to explain the influence of stimulation on the healing process, (a) The entry of Ca 2+ into From the Department of Pharmacology, Medical Sciences Campus, University of Puerto Rico, San Juan, Puerto Rico 00905.
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Received April 4, 1972 . Accepted for publication July 6, 1972. heart cells produced by the action potential in those areas near a lesion could somehow influence the rate of healing. This implies that the Ca 2+ that goes into the cell or is released at the endings of the sarcoplasmic reticulum is available for the contractile process and for the healing process, (b) The stirring of the solution near the cut end produced by movement of the muscle could increase the rate of formation of the new insulation barriers responsible for healing over. This hypothesis seems less probable since stirring the solution near a superficial lesion does not change the rate of healing (1) . These observations prompted us to investigate the possible correlations between the strength of heart contractions and the rate of healing. The present work deals with the study of some aspects of this subject.
Methodg
Muscle strips about 4-6 mm long were dissected from the ventricle of the toad Bufo marinus and mounted in a vertical transparent chamber, in which solution was introduced and withdrawn from the bottom. Isometric recordings of tension were obtained by connecting the upper end of the muscle strip to a Grass FT 03 transducer. A
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resting tension of 0.2 g was used in all experiments. Concomitant measurements of peak tension and the amplitude of the injury potentials provided a suitable method for studying changes in the processes of healing and muscle contraction. Injury was produced by cutting a small fraction of the muscle fibers with an automatic lancet with a needle 100 jj,m in diameter. The potential difference was recorded with roving electrode (4) and displayed, together with the twitch, using a two-channel pen recorder (Dynograph, Beckman). A silver-silver chloride electrode ending in a cotton wick was placed in contact with the upper portion of the preparation, which was maintained intact. A second silversilver chloride electrode was immersed in the saline solution well below the muscle strip. The presence of surface electrical potentials in the preparation was then scanned by withdrawing the solution slowly. In this way, the saline-air interface acted as an exploring electrode that recorded the injury potential when it passed the cut surface. The film of saline solution that persisted between both electrodes when solution was withdrawn reduced the amplitude of the membrane potential by a short-circuit factor ( r c>/[ r o + r i], where r o is the outside and r, the inside longitudinal resistance per unit distance). The short-circuit factor was. however, essentially constant (5) . The potential difference between damaged and intact areas ranged from 6 to 10 mv depending on the cross-sectional area. Injury potentials were recorded immediately after injury and then at different time intervals. A curve showing the decay of the injury potentials as a function of time (rate of healing) was obtained. The results are presented as percent of the maximum potential difference, and the initial value recorded immediately after the lesion was taken as 100%. To investigate the influence of small injuries on initial tension and twitch amplitude, small successive lesions were produced by cutting a small group of muscle fibers, and peak tension was recorded immediately before and after the lesion was made. Small injuries could be produced in the preparation without changing the initial tension and the strength of muscle contraction. In the few cases in which the peak tension was reduced by lesion, the experiment was rejected. Control measurements of the membrane potential of the nondamaged cells were made with conventional KC1 microelectrodes.
Solutions.-Ringer's solution with the following millimolar composition was used: Na + 124, K + 2, Ca 2+ 2, Cl-130, HyPO,-0.7, and HPO 4 2 " 0.7. In some experiments Ca 2+ was replaced by Sr 2 + isosmotically. The pH of all solutions •was 7.
Stimulation.-The preparation was stimulated with bipolar silver-silver chloride agar electrodes touching the upper portion of the muscle strip through soft cotton wicks. Rectangular pulses of current were delivered from an electronic stimulator and isolation unit. In some experiments the influence of contractures on the rate of healing was investigated. Electrical contractures were produced by applying d-c pulses (5 msec in duration, 70 cps) to the muscle through silversilver chloride electrodes. The duration of the electrical contractures varied from 2 to 5 seconds.
Contractures were initiated at different times in the healing curve, and their effect on healing over was investigated by measuring the amplitude of the injury potentials immediately before and after a contracture. Contractures were monitored on the second channel of the recorder.
Temperature.-The temperature of Ringer's solution near the preparation was continuously monitored with a thermocouple. . For this figure (average results from six muscles) simultaneous measurements of twitch tension and rate of healing were made. The preparations were equilibrated for 20-30 minutes in each test solution before injury and kept in the same solutions throughout the experiment. To minimize the influence of continuous stimulation on the rate of healing, a few pulses of current were applied to the muscle immediately after recording the injury potential. As soon as the twitch tension reached its maximum stable value, which was accomplished after a few beats, stimuli were withdrawn. This short period of stimulation at low frequency (0.2 cps) had little influence on the rate of healing, since the time required for total reversion of the injury potentials was about the same as that in quiescent muscles. The changes in the contractile process produced by variations in external [Ca 2 + ] developed more quickly than the changes in healing over. So, the reduction in [Ca 2 + ] from 2 to 1 mM produced, at the end of 25 minutes, a decrease in twitch tension of 35£, and healing over measured 12 minutes after lesion was depressed 18%. When [Ca 2 + ] was changed from 2 to 0.5 mM, only '25% of the control twitch tension was recorded at the end of 25 minutes of incubation, which means a drop of 75*, and healing over was depressed 67* (taking the potential difference recorded 12 minutes after damage). Studies on the mechanism of muscle contraction in frog heart (2) have shown that the uptake of radioactive Ca 2 + by beating ventricular muscle fibers is practically the same at room temperature and at 7°C. According to Niedergerke (2) the expected reduction in Ca 2+ influx at low temperature is probably matched by a lengthening of the action potential (8) . Since evidence has already been presented showing that the healing process in heart muscle is largely dependent on temperature (9), we investigated the influence of temperature on muscle contraction and healing over simultaneously. For this investigation, muscles were immersed in saline solution at 25°C, 15°C, and 10°C. The quiescent muscles
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were equilibrated for at least 5 minutes at each temperature before injury. Damage was then produced and stimuli were delivered to the muscle after recording the injury potentials every minute after lesion. With 2 mM Ca 2 + , decreasing temperature from 25° C to 15°C increased the strength of heart contractions 18* (Fig. 2 ). This drop in temperature, however, had a depressant effect on myocardial healing over in the resting muscles, since at 15°C about 11* of the initial potential difference was still present 12 minutes after lesion ( Fig. 2 ). Further reduction in temperature to 10°C decreased the twitch amplitude 33*, and the magnitude of the injury potentials was 30% of the control value. With 0.5 mM Ca 2+ the influence of temperature on the contractile process and healing over was qualitatively similar to that described for 2 mM Ca 2+ (Fig. 2 ). Control measurements of resting potential of the nondamaged fibers (immersed in 2 mM Ca 2+ ) with intracellular inicroelectrodes showed a slight depolarization at 15°C or at 10°C; the average resting potential recorded from 30 fibers at 25°C was -80 ±1.8 (SE) mv, at 15°C -78 ±1.2 mv, and at 10°C -76 ±1.9 mv. Temperature has a small effect on resting potential of frog heart muscle fibers (8), but since injury potentials and action potentials could be easily elicited at 15°C or at 1O°C in our toad preparation the nondamaged cells must not be appreciably depolarized at these temperatures. The apparent dissociation between the contractile and the healing processes at 15°C results because the rate of healing is reduced at low temperatures, but the length of the action potential is increased (8) and, consequently, the twitch tension is augmented. Recordings of transmembrane action potentials made with intracellular microelectrodes showed an increase in duration of about 25%. The reduced rate of healing at 15°C or at 10 c C was totally reversible, and increasing temperature from 15°C to 25°C enhanced the rate of healing and caused a complete reversion of the injury potentials in 10-12 minutes. The influence of temperature on the healingover process was also investigated by injuring a few muscle fibers of toad ventricle and measuring the membrane potential of the intact cells near the lesion. The results indicated that the fall in resting potential produced by injury in those cells 50-500/u. from the lesion was not totally reversed at 15°C or 10°C but was completely reversed when the lesion was made at room temperature (25°C) (De Mello, unpublished observation).
As soon as the injury potential was totally abolished (complete healing at 25°C), measurements of resting potentials with intracellular microelectrodes indicated complete reestablishment of membrane potential in the nondamaged cells within 100/i of the lesion.
INFLUENCE OF CONTRACTURES ON THE RATE OF HEALING IN TOAD MYOCARDIUM
It is well known that a sustained depolarization applied to muscle cell membrane causes a contracture to develop (10) (11) (12) and that the resultant increase in tension is largely dependent on the external [Ca 2+ ] (13) . Therefore, we investigated the possible influence of contractures on the rate of healing of myocardial fibers. The muscles were injured and measurements of the rate of healing were made on quiescent muscles. As soon as the injury potentials disappeared a new lesion was produced, and the rate of healing was measured with the muscle at rest. Then electrically induced contractures of short durations (2-3 seconds) were initiated. The main advantage of electrically induced contractures is that their duration can be controlled precisely. Figure 3 shows the influence of two successive contractures (2 seconds long each) applied 45 seconds after the lesion was made. Curve a shows the average rate of healing for six muscles kept at rest. The rate of healing was markedly increased after contracture (curve b), since the time required for the complete suppression of the injury potential was reduced from 7 to 3 minutes. When contractures were applied later in the healing curve ( Fig. 4) , a similar acceleration of the healing process was found, but it was preceded by a transient increase in the size of the injury potential.
The rebound of the injury potential in beating muscles (1) Effect of contractures on the rate of healing of toad myocardium immersed in Ringer's solution. Curve a was obtained from six muscles kept at rest. Curve b shows enhanced rate of healing after application of two successive contractures (2 seconds long each) 45 seconds after damage. The SE is indicated. Temperature was 25° C. 
Rebound of the injury potential produced by two successive contractures (2 seconds long each) 90 seconds after damage. This curve represents the healing of a single lesion when the muscle was bathed in Ringer's solution. The time required for complete reversion of the injury potential from the same muscle kept at rest was 7 minutes (not shown). Temperature was 25°C.
which has an inhibitory effect on the healing process. Further investigation of the kinetics of the healing process is, however, required to understand the phenomenon of rebound. Since electrically induced contractures could have a harmful effect on intact heart cells, measurements of resting potential were made with intracellular microelectrodes immediately after the cessation of the contracture. No change in membrane potential was found. On the other hand, lesions made in quiescent muscles previously healed by contractures produced injury potentials of usual amplitude which required 10-12 minutes to heal over. These observations clearly indicate that contractures do not produce harmful effects on nondamaged heart cells. Since contractures were applied under isometric conditions, the movement of the muscle during stimulation was extremely reduced; this finding seems to indicate that stirring is probably not the cause of the increased rate of healing.
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INFLUENCE OF EPINEPHRINE ON THE RATE OF HEALING IN BEATING HEART MUSCLE
Several mechanisms have been proposed to explain the inotropic effect of epinephrine on heart muscle. More recently (14) it was shown that epinephrine increases the membrane permeability to Ca 2+ in myocardial cells, and an increase in 4B Ca uptake was found in cardiac muscle treated with epinephrine. Therefore, we investigated the possible influence of the drug on the rate of healing of heart muscle. The procedure used was to compare the influence of stimulation on the rate of healing in the presence and the absence of the drug. Since the effect of stimulation on healing changed with the time when the stimuli were applied (1), the healing curve was measured in resting fibers for the first 90 seconds after lesion and then rectangular pulses (3 msec in duration, 0.45 cps) were applied for precisely 30 seconds. The stimuli were withdrawn and the amplitude of the injury potential was measured. The same procedure was used after the muscle was incubated in Ringer's solution containing epinephrine (10^ g/ml) for 2-3 minutes. As soon as the drug was added to the bathing solution, the muscle was stimulated and the twitch tension was recorded isometrically. The rise in twitch tension indicated that the drug was acting. After control of any remaining injury potential, the muscle was damaged and the healing curve obtained. Measurements on eight muscles showed that in the absence of epinephrine the stimuli applied for 30 seconds (between 90 and 120 seconds after lesion) reduced the size of the injury potentials about 36.2 ± 1.715. When the same preparations were immersed in saline solution containing epinephrine, the decrease in amplitude of the injury potentials produced by stimulation during the same period of the healing curve was 59.2 ± 2.2%. These results seem to indicate that epinephrine increases the effectiveness of stimulation in increasing the rate of healing. Although the mechanism by which the drug enhances the rate of healing in beating muscles cannot be precisely established from these experiments, the fact that the drug increases the Ca 2+ permeability and the strength of the heart beat strongly suggests that epinephrine in some way provides more Ca 2+ for the healing process. The effect of the drug on oxidative metabolism of heart muscle could be, however, an alternative explanation for its effect on healing over.
INFLUENCE OF STRONTIUM ON HEALING OVER OF MYOCARDIAL CELLS
Strontium affects the mechanical processes in heart muscle in the same way that Ca 2 + does (15) . Since the processes of healing and muscle contraction are both highly dependent on Ca 2 + , it seemed important to study the influence of Sr 2 + on the healing process.
Experiments were done on quiescent muscles incubated in calcium-free Ringer's solution containing 2 or 2.5 mM Sr 2 + . After 30-40 minutes of incubation, control measurements of transmembrane resting potential were made with intracellular microelectrodes. Average results from 30 fibers showed a resting potential of -8 0 ±0.9 mv in Sr 2+ solution. Figure 5 shows the influence of the external [Sr 2 + ] on twitch tension and on the rate of disappearance of the injury potentials. Muscles were immersed for 30 minutes in Ringer's 100 7 5 •/. 5O Influence of the extracellular [Sr e+ ] on twitch tension and size of injury potentials in toad myocardium. Ordinate: Percent peak tension and injury potential. Abscissa: Concentration of Sr 1 +. Each curve represents the average from eight muscles. Values of injury potential were taken 12 minutes after lesion. The SE is indicated. Temperature was 25°C. solution with different [Sr 2 1 ] . Each value of injury potential included in Figure 5 represents the magnitude of the potential difference recorded 12 minutes after lesion, and both curves represent the averages from eight muscles. The efficiency of the contractile process and the healing process was preserved in Sr 2 + . In strontium-free solution, about 37% of the initial potential difference was still present 12 minutes after damage, but the twitch tension measured after 30 minutes of incubation had dropped to zero. Control measurements of the resting potential of intact cells in strontium-free solution (30-40 minutes) showed no change in membrane potential compared with that recorded in 2 mM Si" 24 ".
EFFECT OF STIMULATION AND CONTRACTURES ON THE RATE OF HEALING IN MUSCLES TREATED WITH CALCIUM-FREE STRONTIUM SOLUTIONS
Since Sr 2 " 1 " replaces Ca 2+ in the healing process in quiescent heart fibers, we investigated the effect of stimulation on the rate of healing of muscle fibers immersed in calciumfree solution containing Sr 2 + . Muscle strips were dissected in Ringer's solution and mounted in the recording chamber containing a calcium-free solution plus 2.5 mM Sir 2 " 1 ". After 25-30 minutes of incubation, a lesion was made and the healing curve of the quiescent muscle was recorded. Figure 6 shows the effect of stimulation (0.5 cps) on the rate of healing of muscles incubated in Sr 2+ for 30 minutes. The results indicate that Sr 2 + is as effective as Ca 2 + in accelerating healing caused by stimulation. Contractures were also effective in increasing the rate of healing in muscles incubated in calcium-free Sr 2+ solution. As can be seen in Figure 7 , two contractures 3 seconds in duration each enhanced the rate of healing appreciably, and the time required for complete disappearance of the injury potentials (average from six muscles) was reduced from 8 minutes at rest to about 3 minutes.
Discussion
The results of this study showed that the rate of healing increased when the contractile process was activated. This finding does not necessarily imply a coupling between the two processes and is probably due to the fact that Effect of stimulation on the rate of healing of toad myocardium immersed in calcium-free Sr* + (2.5 my) solution. Each curve is the average from five muscles. Curve a is the healing curve obtained with the muscles at rest. Curve b is the healing curve obtained from the same muscles stimulated at 0.5 cps. Temperature was 25" C. Influence of contractures on the rate of healing of myocardial cells incubated in calcium-free solution containing 2.5 mu Sr t + . Curve a was obtained from six muscles at rest. Curve b shows the increment in the rate of healing produced by two contractures (3 seconds long each) applied 45 seconds after damage (arrow indicates when contractures were produced). Temperature was 25°C.
healing over and contractility are dependent on a common factor-calcium. Activation of the contractile machinery is produced by the entry of Ca 2+ into the muscle cells or by its release at the level of the sarcoplasmic reticulum (2, 3, 7) . In low-calcium solutions contractility is largely reduced as is the rate of healing (5) . Evidence has been presented showing that the uptake of Ca 2+ by frog myocardial cells is improved by raising the external [Ca 2 + ] or by reducing the extracellular [Na + ] (2). Measurements of the rate of healing in beating toad ventricle also showed that the process was accelerated by increased external [Ca 2+ ] or reduced [Na + ] (1), which increased the strength of heart contractions (2) . Previous observations indicated that Mg 2+ or Ba' 2+ were not substitutes for Ca 2+ in healing over (5) . The present results showed, however, that Sr 2+ which replaces Ca 2+ in the mechanical process (15) , replaced Ca 2+ in healing over also.
The mechanism by which healing is accelerated in beating muscles could be based on the increased amount of Ca 2+ made available by Circulation RucArcb, Vol. XXXI, Stpumbtr 1972 the action potential. Some evidence exists that Ca 2+ contributes to the current flow through heart cell membranes (16) (17) (18) . As previously proposed (1), the entry of Ca 2+ or its release internally during depolarization could somehow change the functional conductance and thus stop the flow of depolarizing current generated by lesion more quickly. Indeed, recent studies have shown that Ca 2+ plays an important role in junctional permeability in heart tissues (De Mello, unpublished observation ). The depression of the healing process at low temperatures could be explained by (1) a decrease in Ca 2+ permeability of the surface cell membrane, (2) an interference with some metabolic reaction involved in the healing process, or (3) a change in junctional conductance. Studies of Niedergerke (2) suggest that the increased inward movement of Ca 2+ produced by raising the extracellular [Ca 2+ ] could be due to an increased occupation of certain membrane sites by Ca 2 + . According to this author the carriers located at these sites promote the transfer of Ca 2+ from outside the cell membrane. The reduced influx 3 9 6 ESCOBAR, DE MELLO, PiREZ of Ca 2 + expected at low temperature could be related to the partial failure of the carrying system. According to this view, it is reasonable to assume that the decrease in rate of healing at low temperature could be related to a decrease in Ca 2 + uptake or that the [Ca 2 + ] in the external medium is not high enough to promote healing since Ca-+ uptake is essential for the process. Preliminary studies from our laboratory seem to indicate that the reduced rate of healing of muscles at 15°C can be increased by stimulation; this suggests that, at this temperature, the healing process can be accelerated if Ca 2+ influx is increased. The possible interference of temperature with some reaction involved in the healing process is another hypothesis to be considered. It is known, for instance, that there are enzyme systems like phosphorylase b kinase which requires Ca 2+ and which through the stimulation of glycogenolysis provides metabolites required for the contractile process (19) . Further studies will be required, however, to elucidate the possible implication of an enzyme system to healing over. The change in junctional conductance is an alternative explanation for the failure of the healing process at low temperature. In salivary glands the healing process is also reduced at low temperature (20) . According to Politoff et al. (20) depression of healing is due to cell uncoupling. Recent observations (De Mello, unpublished observation) indicate, however, that the spread of electronic potentials in toad heart is slightly changed at 15°C or at 10°C. These results suggest that a drastic change in junctional conductance is not the most probable explanation for the effect of temperature on myocardial healing over.
